We first in the history of vection research, challenged to induce cutaneous vection by providing the participants body with wind. Participants wore an eye mask to block out all outside visual information, and white noise was presented through a pair of earphones to block out all outside auditory information. We also provided body sway by using a horse-riding machine. The constant wind was provided to the participants from the front, side and behind of them. The results clearly showed that the cutaneous vection by wind was obtained in almost all participants. Even by only wind to the body could induce vection.
Introduction
Multiple sensory modalities contribute to the perception of self-motion (Gibson, 1966) and those inputs of multiple modalities are thought to be generally integrated in harmony (Rieser et al., 1995) . These modalities include the visual, auditory, vestibular, somatosensory, and proprioceptive systems (Lishman & Lee, 1973; Lee & Aronson, 1974; Brandt et al., 1975; Johansson, 1977; Lestienne et al., 1977; Benson, 1990; Siegler et al., 2000; Sakamoto et al., 2004; Väljamäe, 2009; Sakurai et al., 2010; . Even with only one input from one modality, we can create the perception of self-motion. The best example of this is visually induced self-motion perception, known as vection (Fischer & Kornmüller, 1930) . More recently, auditory vection has been described where perception of self-motion can be driven solely by an auditory input (see review, Väljämae, 2009). These results imply that self-motion perception can be induced by an input from just one modality.
In many other studies, the effects of combinations of some those inputs on the perception of self-motion have been investigated. For example, a number of studies have indicated that the visual and vestibular systems are associated with inducing self-motion (Dichgans et al. 1974; Berthoz & Droulez 1982; Andersen 1986; Howard 1986) . A recent study has verified that perceived self-motion can be induced when head movement is synchronized with jitter (Ash et al., 2013) . Vection can be facilitated or inhibited by some inputs from multiple modalities (e.g., Seno et al., 2012; . For example, vection can be enhanced by a consistent wind to the faces of the observers and also vection can be facilitated by consistent sounds (Seno et al., 2012) . However, we should note here that there has been no previous study to examine whether cutaneous sensation alone can induce the perception of self-motion or not.
Theoretically, wind or changes of air pressure perceived on the skin can also be a source of perceived selfmotion perception. For example, when we are moved passively on a vehicle, or actively by walking or running, we perceive the wind blowing on the body. It has been reported anecdotally that cutaneous sensation may work as a more important sensory modality for totally blind or deaf-blind people (e.g., Mutaguchi, 2012) .
We hypothesized that wind (cutaneous sensation) accompanied by the real self-motion can induce illusory self-motion perception or when wind alone is directed at the participants. The purpose of this study was to examine whether the wind, without any visual or auditory stimulation, can induce the self-motion perception (cutaneous vection).
In a pilot study, we found that cutaneous vection was relatively weaker (as is auditory vection) than that driven by vision (hereafter we use the term vection as visually induced self-motion perception). We added a facilitator of cutaneous vection, i.e., body fluctuation using a horse-riding machine, as it had been shown that fluctuation of the body can enhance vection (e.g. Riecke et al., 2005; Feuereissen, 2008) . Some previous studies also reported that body posture can alter vection strength (e.g., Seno et al., 2013; Kano, 1991; Nakamura & Shimojo, 1998; Young & Shelhamer, 1990; Mueller et al., 1994; Allison et al., 2012) . For example, some studies reported that vection strength differed with body orientation and body posture (e.g., Kano, 1991; Nakamura & Shimojo, 1998) . Young & Shelhamer, (1990) , Mueller et al., (1994) and Allison et al. (2012) reported that vection in a microgravity condition became unstable and sometimes could be induced in the opposite direction to the normal vection or it could be facilitated. In another study Feuereissen (2008) reported that the unstable body condition on the hammock chair can enhance auditory vection. He (Feuereissen, 2008) and Riecke et al. (2005) also reported that the auditory vection can be facilitated by subsonic vibrations to the participants. These results strongly indicate that body posture could be an important facilitator or inhibitor of vection. Therefore, we hypothesized that the unstable posture induced by the horse-riding machine, might facilitate the weak cutaneous vection in this study. The body fluctuation by a horse-riding machine provided the participants with unidirectional (back and forth) body movement, therefore it could not bias any direction of self-motion perception.
Methodology
We examined whether self-motion perception could be obtained when the wind blew on the body without confounding visual or auditory stimuli. We also examined whether the body fluctuation could facilitate any cutaneous vection.
Ethics Statement
Our experiments were pre-approved by the Ethics Committee of Tokyo Metropolitan University, and written informed consent was obtained from each participant prior to testing.
Participants
Thirteen graduate and undergraduate students and lecturers, (five females and eight males aged between 21 and 43 years) participated in the experiment. All participants had normal visual acuity (including corrected eyesight), normal audition and no history of vestibular system diseases. Further, all of the participants were naive as to the purpose of the experiment.
Stimulus and Apparatus
We used a horse-riding machine moving back and forth reciprocally (Joba, EU6442, Panasonic Corporation, Japan) to provide the sway. We also used a fan (FIR401, Pieria Corporation) to apply wind to each participant's body and face. The wind had a constant strength (wind speed, 5.5 m/s) and blew from either the front of, or from the right side of, or from behind (front, side, or back, respectively) the participant. Participants wore an eye mask to block out all outside visual information, and white noise (64 dB SPL) was presented through a pair of earphones to block out all outside auditory information (see Figure 1) . Thus, there were totally no visual or auditory inputs that might contribute movement cues to the participants 1 .
Procedure
We first confirmed that no participant experienced motion sickness in the training trial. There were three wind with sway conditions and three wind only conditions (without body sway) as the experimental conditions. The fan blew with the movement of the horse-riding machine in the wind with sway conditions, while the fan blew without the movement of the horse-riding machine in the wind only conditions. The wind directions in these conditions were from the front, from the right side or from the back of the participants. The fan and the horse-riding machine began to move simultaneously in the wind with sway conditions. In addition to these, there was a control condition in which only the body swayed without the fan blowing. The participants were asked whether they perceived self-motion in the one control and six experimental conditions. All of the conditions were presented once in a random order for each participant.
The participants were instructed to rate the subjective strength of the self-motion with estimated values that ranged from 0 (no self-motion) to 5 (very strong self-motion). They reported their estimation verbally. The duration of wind and body sway stimuli was fixed at 60 s. At the end of a trial, in the case that the participants perceived the cutaneous vection, they answered the questionnaire about the perceived direction of the cutaneous vection and also they reported their impressions of it freely for each trial.
Results
All thirteen participants perceived cutaneous vection in the front wind with sway condition. Eleven participants perceived cutaneous vection in the right side wind with sway condition. Twelve participants perceived cutaneous vection in the back wind with sway condition. Three participants perceived the cutaneous vection in the front wind only condition. Three participants perceived the cutaneous vection in the right side wind only condition. Four Figure 1 . The layout of the fan to blow wind and the exercise machine to sway the participant's body. We used a fan (FIR401, PIERIA) to apply wind to each participant's face and body (from front, side and back). The fan distance from participants was 60 cm. The wind had a constant strength (wind speed was 5.5 m/s) and blew from the front, the right side, or behind (front, side, back) the participant. Participants wore an eye mask to prevent outside visual information, and white noise was presented through a pair of earphones to cut out all external auditory information. The machine's seat moved back and forth to cause the body sway and stimulate the vestibular senses. The moving distance (one way) was 7 cm. Its speed was 7 cm/s. participants perceived the cutaneous vection in the back wind only conditions. Eight participants perceived some illusory motion perception in the sway only (control) condition. The perceived self-motion was in the opposite direction than the wind. In the sway only condition there was no directionality in the self-motion illusion. Figure 2 shows the mean estimation values of the subjective strength of self-motion for all six conditions. A two-way analysis of variance (ANOVA) was conducted. The existence or non-existence of the body sway and the three directions of wind were the two factors of this ANOVA 2 . The results revealed significant main effects of the existence of the sway (F(1, 12) = 101.21, p = 0.000) and a tendency of a significant main effect of the directions of wind (F(2, 24) = 2.62, p = 0.094). Further, the interaction between the two factors was also significant (F(2, 24) = 3.63, p = 0.042). The simple main effects of the existence of the sway were significant in all wind directions (front: F(1, 36) = 70.45, p = 0.000; right side: F(1, 36) = 25.36, p = 0.000; back: F(1, 36) = 30.42, p = 0.000) and the simple main effect of wind direction was significant only in the with sway condition (F(2, 48) = 6.09, p = 0.004). Figure 3 shows the number of the reports of directions of the cutaneous vection for each condition. The results of Fisher's exact test (p = 0.000) showed that p was less than 0.01. In the sway only (control) condition, no one reported any direction of perceived self-motion. Participants perceived cutaneous vection in the opposite directions to the physical wind directions.
Discussion
Although self-motion perception induced by visual or auditory stimuli has been extensively studied, cutaneous vection has not been investigated. Only showed that wind corresponding with visual stimuli facilitated vection. This is the first study on whether the cutaneous sensation from the wind could induce selfmotion perception or not. We obtained clear results that cutaneous vectioncan occur. We also showed that the strength of the cutaneous vection was different depending on the wind directions. We took precautions to mask any experimenter bias and do not consider that these results originated from the expectations of the participants. However thirteen participants might be a small number and it should be presented as a limitation of the research in the discussion section.
Cutaneous vection was induced in every direction and the reports from the questionnaires showed that the direction of the cutaneous vection was usually opposite to that of the blowing wind. Further, these results were consistent with features of visually induced self-motion (the simple "vection") and also the auditory vection, reported in many previous studies (e.g., Lee & Aronson, 1974; Johansson, 1977; Wong & Frost, 1981; Kano, 1991; Lackner, 1977; Riecke et al., 2005; Väljämae, 2009 ).
In the sway-only condition, self-motion was reported, but the directions of such perceived self-motion was not determined. In the without sway and only with wind conditions, weaker but still substantial cutaneous vection was obtained. In the experiment, three participants perceived cutaneous vection in the front wind only condition, also three in the right side and four in the back wind only condition. Like auditory vection, cutaneous vection is weaker than the normal vection. Thus, the combination of body sway and the wind was necessary to induce stronger cutaneous vection. However as described in the introduction, the horse-riding machine did not bias any direction of self-motion. It provided the participant with unidirectional (back and forth) body fluctuations. We consider our methodology was suitable to enhance the effect of the wind. In future, it would be useful for trying other methods to enhance cutaneous vection.
After the experiment, the participants freely described what they perceived during the experiments. They reported a floating perception and a perception of movement in the opposite direction to that of the wind motion. Most participants reported a perception of floating forward and upward, like running on a field of grass. They reported a pleasant perception like being refreshed. The participants' pleasant perceptions in this study were also of merit. We hope that the cutaneous vection will be used in various environments of virtual reality in future. We believe that the various uses of this cutaneous vection could have many applications in future.
